The Chini-type Pt carbonyl clusters ([Pt 3 (CO) 6 ] n 2-, n ) 4, 5, 6) and other CO-stabilized Pt clusters were synthesized by γ-radiolysis, and their structures, when supported on carbon and R-alumina, were investigated by X-ray absorption spectroscopy (XAS). It was found that the stacking prismatic structure of triangular units in Chini clusters was transformed, when supported on carbon, into another structure in which the trimeric units are conserved but are now arranged in a planar monolayer. Some carbonyl groups remain to be ligated to Pt atoms under nitrogen atmosphere. However, on contact with the air, the carbonyl clusters are partially transformed into fcc Pt clusters. When supported on R-alumina, a more important structural evolution of supported clusters with a size growth is observed. Two groups of platinum clusters are obtained: the first one with a Pt-Pt distance corresponding to the intratriangular distance present in the Chini clusters, and the second one constituted of larger fcc clusters with a Pt-Pt distance close to the bulk one.
Introduction
During the past decade, platinum (Pt) clusters have been extensively studied [1] [2] [3] particularly as active catalysts for application in low-temperature fuel cell systems such PEMFC or PAFC (protonic exchange membrane and phosphoric acid fuel cells, respectively). Among them, supported [Pt 3 (CO) 6 ] n 2-clusters were soon recognized as very attractive materials. [4] [5] [6] They were first synthesized by Chini et al. 4, 5 in methanol or tetrahydrofuran (THF) solution by the reduction of Pt IV chloride in basic solution in the presence of carbon monoxide. Since then, several methods for preparing such supported catalysts have been proposed. As shown by X-ray diffraction crystal analysis, the Chini clusters display a twisted prismatic structure composed of n stacking triangular units stabilized by CO ligands 4 (atomic distances are indicated in Figure 1 ) and doubly negative charge as a whole. Their electronic structures have been theoretically studied. [7] [8] [9] De Mallmann et al. 10 and Kubelková et al. 11 have synthesized the Chini clusters in ion-exchanged zeolites. A correlation was found between the basicity of the zeolite and the cluster nuclearity. [10] [11] [12] [13] [14] The Ichikawa group observed a high catalytic activity of the Chini clusters [Pt 3 (CO) 6 ] n 2-(n ) 3-5) prepared in NaY and NaX zeolites 13 for the CO + NO reaction or synthesized in the confined mesoporous channels of FSM-16 for the hydrogenation of ethene and 1,3-butadiene 14 or for the water gas shift reaction. 15 The adsorbed clusters were characterized by in situ Fourier transform infrared (FTIR) and extended X-ray absorption structure (EXAFS) methods. [13] [14] [15] Other classes of CO-stabilized Pt clusters, such as polyhedral [Pt 24 (CO) 30 ] n-, [Pt 26 (CO) 32 ] n-, and [Pt 38 (CO) 44 ] n-(n ) 0-10), are also known. 5, 16, 17 In CO-saturated water/2-propanol mixed solvent, Pt II or Pt IV salts can be radiolytically reduced into the series of Chini clusters by varying the irradiation dose 18 (the higher the dose, the smaller nuclearity is formed) or into other carbonyl clusters by varying the CO/Pt ratio. 18, 19 The reduction of Pt ions is brought about by a combined effect of CO and electrons or reducing radicals generated from the solvent radiolysis. Finally, the carbonyl clusters thus prepared in solution can be easily deposited onto supports; for example, onto carbon support up to 60 wt % without significant aggregation. Transmission electron microscopy (TEM) observations have shown that the particle size of the supported catalyst prepared in this way lies in the 2-3 nm range. Indeed, these supported Pt clusters have shown high catalytic activity for electrooxidation of methanol in fuel cells. 19 Figure 1. Pt3(CO)6 triangular unit in the molecular structure of Pt carbonyl cluster dianions [Pt3(CO)6]n 2-(Chini clusters). Stacking of Pt3(CO)6 units; R(Pt-Pt) (intertriangular distance between stacked units) ) 3.08-3.10 Å for n ) 3-6). The interatomic distances are taken from the crystal analysis in ref 4. In this paper, structural properties were investigated by X-ray absorption spectroscopy (XAS) 20 to better understand the specific catalytical activity of Chini clusters. This method is especially useful for the local structure analysis of very small metal particles, 21 which is difficult by other techniques.
Regarding the structural parameter of nanometric metal particles, it has been already shown that the EXAFS spectroscopy is suitable for very small clusters. The number of first neighbors per atom varies rapidly with the nuclearity in contrast with larger ones, which contain more than a thousand atoms. In that case, the EXAFS modulations become similar to the signal of the Pt metal foil. 22 The XAS spectroscopy is thus a structural probe, sensitive only to the local order (because of the mean free path term of the photoelectron) around one given type of atom in the medium (well defined by its X-ray absorption edge).
Here, this technique permits evaluation of the influence on the cluster structure and its interaction with the environment of different key parameters relative to the synthesis; namely, the irradiation dose and the Pt salt concentration leading to different Pt carbonyl clusters. Then, the effect of the support carbon and R-alumina was studied.
Experimental Section
Radiolytic Synthesis of Pt Carbonyl Clusters. The γ-radiolysis of aqueous solutions first generates species issued from water excitation and ionization; that is, hydrated electrons and protons, radicals and molecular products (H 2 and H 2 O 2 ): 23 Likewise, the primary radicals produced by the irradiation of a primary or a secondary alcohol are solvated electrons and protons, H • radicals and alcohol radicals (R 1 R 2 C • OH), and molecular products. 24 In an acid water/alcohol solvent mixture, solvated electrons are readily scavenged by H + :
The H • and OH • radicals are scavenged by alcohol to produce alcohol radicals:
Finally, the metal ions are reduced by R 1 R 2 C • OH, which are known to be strong reducing species. Under CO (1 atm), successive steps of reduction, ligation, and aggregation occur, leading to metal carbonyl clusters.
According to a previous work, 19 6 ] n 2-clusters with n ) 4, 5, and 6 were prepared by radiolysis. Samples of 200 mL of solutions containing 10 -3 M K 2 PtCl 4 in equivolumic water/2-propanol mixture were deaerated, saturated by CO under 1 atm, and irradiated at room temperature by γ-rays with different doses (3.2, 1.6, 0.8 kGy, respectively, for three [Pt 3 (CO) 6 ] n 2-clusters with n ) 4, 5, and 6; Table 1 ).
Apart from the Chini clusters, two types of carbonyl clusters Pt n,CO derived from Chini clusters 18 were synthesized at higher concentrations [H 2 Pt IV Cl 6 ] ) 2 × 10 -3 or 3 × 10 -3 M (Table  1) . Indeed, in a previous paper, 18 it was shown that under these conditions, Chini carbonyl clusters (n g 7) are obtained at low doses until half of the Pt is reduced. The spectral shape change at higher doses attests to the conversion of the Chini clusters to larger carbonyl clusters (2-3 nm) ligated with some CO ligands denoted Pt n,CO .
Pure grade reagents were purchased from Alfa (99.99% purity H 2 PtCl 6 ), Prolabo (2-propanol), and Air liquide (99.997%, CO). The irradiation was carried out using a panoramic 260 TBq 60 Co γ-source at a dose rate of 10 kGy h -1 . Doses used are listed in Table 1 .
The assignment of the γ-synthesized clusters was based on previous data 5, 18, 19 correlating the ultraviolet-visible (UV-vis) absorption with infrared (IR) spectra, which allowed the identification of the clusters.
Carbon powder (100 mg; Printex XE-2, BET surface area: 975 m 2 g -1 ), which was freshly activated with CO 2 (930°C, 30 min) or 100 mg of R-Al 2 O 3 (Rhône-Poulenc, calcination at 750°C, 6 h), was introduced into the cluster solution after the radiolytic synthesis of the clusters. The volume of the solution was calculated to obtain a powder sample of 30 mg of Pt charge on 100 mg of carbon. The solution was stirred until the clusters adsorbed completely onto the support and the solution became colorless. The time required was largely dependent on the preparation conditions of the cluster and the nature of the support: the adsorption on carbon was completed within 15 min for Chini clusters, whereas 24 h were required for larger COstabilized Pt clusters deposited on carbon (Pt n,CO ). The adsorption on the R-alumina was completed within only a few minutes.
After cluster deposition, the supported samples were filtered and washed by the same solvents as used for irradiation and allowed to dry, all operations being performed under N 2 atmosphere for Chini clusters. For Pt n,CO clusters, which are stable in air, no particular caution was taken during the impregnation and drying processes. The powder was then pressed under 10 tons of charge to prepare tablets (1 cm diameter, 1-2 mm thickness) for XAS investigation. These tablets were finally sealed with polyimide film under inert atmosphere in order to preserve their physicochemical integrity.
XAS Measurements. Data were collected at the LURE synchrotron facility in Orsay using the synchrotron radiation from the DCI storage ring running at 1.85 GeV, with an average current of 300 mA. The EXAFS spectra were obtained on the EXAFS IV station with a double crystal Si(111) monochromator, in the transmission mode and using two ionization chambers as detectors. Energy calibration of the experiments was made with a Pt metal foil. EXAFS signals were measured at Pt L III edge (11 564 eV).
Analysis. The formalism and analytical procedure used are standard ones using the EXAFS 95 soft ware. 25 Fourier transforms (FT) were carried out for k-weighted EXAFS function 26 k (k) over 2-13 Å -1 , with a Kaiser window weighting function (τ ) 2.5). Choosing n ) 1 for the k n (k) term allowed us to decrease the relative contribution of heavy atoms compared with that of the lighter atoms in the first shell around the absorbing one. Simulation was performed using theoretical scattering functions calculated with the code FEFF6. 27 Platinum foil, Pt oxide ( -PtO 2 ), and three Pt cyanide complexes [K 2 Pt(CN) 4 , KPt 2 (CN) 4 ‚3H 2 O, and K 2 Pt 4 (CN) 6 ] were used as reference compounds. Fitting parameters (N, coordination number for absorber-backscatterer pair; R, absorber-backscatterer distance; σ, Debye-Waller factor; ∆E, correction of threshold energy; F, residue value) for the references are listed in Table 2 . Figure 2 shows comparisons between calculated and experimental EXAFS function and FT modules of K 2 Pt(CN) 4 . Multiple Scattering Considerations. Because of the particular arrangement of the carbon and the oxygen atoms involved in the carbonyl clusters, we had to carefully analyze the second coordination of Pt atoms. To this purpose, we had to pay attention to multiple scattering processes of the photoelectron to check that they could not interfere in regions where we performed a single scattering analysis.
X-ray Diffraction. X-ray powder diffraction was recorded at the Institut Français du Pétrole by using Mo KR radiation (λ ) 0.7108 Å) generated at 40 kV and 40 mA on a vertical X-ray diffractometer (Philips PW 1800). A typical scan speed of 0.02°s -1 was used for measurement. 6 ] n 2-Adsorbed on Carbon (n ) 4-6). The modules of the FT, uncorrected from phase shift, for the different [Pt 3 (CO) 6 ] n 2-(n ) 4-6) samples deposited on carbon are very similar (Figure 3) . Two major peaks are observed. The first peak at the closest distance (not corrected from the phase shift) of 1.5 Å is attributed to the bond with a light atom, (carbon or oxygen). Such a peak is also present in the reference K 2 Pt-(CN) 4 . The second main peak at 2.4 Å is found to be the sum of several components, the major one arising from the existence of Pt-Pt bonds at 2.68 Å. Noteworthy is that the distance at 3.0 Å of the intertriangular Pt-Pt distance is not observed. The fitting results and parameters given in Table 3 correspond to the signals between 1 and 3 Å -1 .
Results

[Pt 3 (CO)
The modules of the FT of the different [Pt 3 (CO) 6 ] n 2-(n ) 4, 5, 6) clusters supported on carbon and exposed to air after deposition are shown in Figure 4 . Fitting parameters are listed in Table 4 . The first peak at the shortest distance is associated with the presence of light atoms (carbon or oxygen) around Pt atoms, whereas the second one is related to a Pt-Pt distance. The numerical simulation indicates that two families of Pt-Pt bonds are measured. One (2.60-2.67 Å) is close to the value of the interatomic intratriangular Pt-Pt distance present in the initial cluster (R ) 2.66 Å). The other one (R ) 2.75-2.77 Å) is close to the value associated with the Pt bulk compound (R ) 2.77 Å) and is probably due to the presence of small fcc Pt clusters inside the material. As in clusters under nitrogen atmosphere, the distance at 3.0 Å of the intertriangular Pt-Pt distance is not found. Pt n,CO Deposited on Carbon. Figure 5 shows the FT modules of samples corresponding to the clusters Pt n,CO prepared at higher Pt concentration and deposited on carbon. The most important contribution is positioned at 1.5 Å, with an amplitude similar to the amplitude relative to the reference K 2 Pt(CN) 4 . In addition, a small contribution is measured that is assigned to Pt-Pt bonds. The fitting procedure gives three families of interatomic distances. Two of them (R ) 2.60 Å and R ) 3.00 Å) are respectively close to the values related to intra-and intertriangular Pt-Pt distances of the Chini clusters, and the last one (R ) 2.76 Å), is close to the value of the Pt-Pt distance that exists in the fcc bulk metal (R ) 2.77 Å). The major difference between the two samples comes from the number of Pt-Pt neighbors at 2.76 Å. For the sample prepared at 2 × 10 -3 M, a value of 1.0 is found for N Pt-Pt , and for the cluster prepared at 3 × 10 -3 M, the corresponding coordination number is equal to 1.9 (see Table 5 ). The XRD profiles of Pt n,CO deposited on carbon shows diffraction peaks corresponding to fcc Pt crystal (see Figure 6) .
Effect of the Support. To evaluate the possible effect of the support, two new series of samples were prepared on R-alumina to be compared with the Chini cluster [Pt 3 (CO) 6 ] 6 2-and the Pt n,CO carbonyl clusters prepared at higher concentrations and deposited on carbon ( Table 6 ). The modules of FT are shown in Figure 7 . Compared with the carbon support, significant increases in Pt-Pt contribution are observed on the R-alumina support for both adsorbates, [Pt 3 (CO) 6 ] 6 2-and Pt n,CO . It seems that adsorption on R-alumina results in a more important dissociation of the Pt-CO bond and favors Pt-Pt bonding. 
Discussion
The Nature of Adsorbed Chini-Type Clusters and Air Sensitivity. Under N 2 atmosphere, the Pt-Pt bulk distance (2.77 Å) is not observed for Chini clusters [Pt 3 (CO) 6 ] n 2-(n ) 4-6) deposited on carbon. Only a distance at 2.60-2.68 Å assigned to intratriangular Pt-Pt distance is conserved (Table  3) . Moreover, the average Pt neighbor number (N ) 3.5 for [Pt 3 (CO) 6 ] 4 2-or 4.5 for [Pt 3 (CO) 6 ] 5-6 2-) obtained for this distance is larger than that existing in the Chini cluster (N ) 2.0), indicating that intertriangular Pt-Pt bonds are broken. Only one type of distance Pt-C (R ) 1.92 Å) is obtained with N ) 1.5 C neighbors per Pt atom. This result implies a partial loss of CO (terminal or doubly bonded) after the deposition on the carbon support. The Pt-C carbon distance found is significantly shorter than the distance for bridging carbonyl group (2.03 Å) but larger than that for carbonyl terminal group (1.80 Å) reported by Chini et al. 4 Note that Ichikawa et al. 14 2-/ NaY zeolite) and found higher distances for bridging carbonyl (respectively, 2.08 and 2.14 Å). They have also shown that [Pt 3 (CO) 6 ] 5 2-/NEt 4 Cl/FSM-16 was transformed by the controlled removal of CO (at 300-343 K) into the partially decarbonylated Pt 15 cluster with only CO terminal ligands.
Our results suggest a quite new arrangement of all the triangles on the support. The single distance Pt-Pt with N ) 3.5-4.5 suggests that the triangles are conserved but that they are no longer stacked together. They are probably linked to the carbon surface in a planar monolayer. The CO bonds have been partially replaced by C bonds to the surface.
For [Pt 3 (CO) 6 ] 4 2-, it is clear that a significant modification of the Pt environment occurs when the sample adsorbed on carbon is exposed to air (Tables 3 and 4) . However, the distances Pt-Pt of the intratriangular Pt-Pt (2.60-2.68 Å) are found in both cases, for the samples conserved under N 2 or the samples exposed to air, but the bulk fcc distances Pt-Pt (2.77 Å) are found only for the samples exposed to air. At the distance 2.77 Å, only a few Pt neighbors are present, suggesting that the particles are small. Therefore, after deposition on the carbon support, a residue of the Chini cluster still remains with other small Pt n clusters.
For (Tables 3 and 4 ). In conclusion, this 6 2-adsorbed on carbon. Structure of Pt n,CO Clusters Adsorbed on Carbon. In Figure 5 , the moduli of FT of Pt n,CO (prepared with 2 × 10 -3 and 3 × 10 -3 M) deposited on carbon are plotted. In Table 5 are gathered the different results given by numerical simulations of the EXAFS modulations. The Pt-Pt intratriangular (2.66 Å) and intertriangular (3.0 Å) distances that exist in the Chini clusters are still present, indicating that the Chini cluster shape is partially maintained. However, the Pt-Pt bulk distance is also found, with N ) 1.0 and 1.9 for the clusters prepared at 2 and 3 × 10 -3 M, respectively, suggesting that the particles are larger in the latter case. Generally, the radiolytic synthesis of large aggregates is favored by an increase in the concentration of the precursor salt. At high salt concentrations, the distances between the nucleation centers decrease, favoring aggregation against ligation. Classical X-ray diffraction studies performed on these samples have shown that fcc Pt clusters containing >100 atoms are also present ( Figure 6 ). Note that transmission electron microscope (TEM) observations have shown a size distribution (clusters of 1 to 5 nm and more) with a mean size of 1.5 and 2 nm for clusters deposited on carbon and prepared at 2 and 3 × 10 -3 M, respectively. 19 The distance R ) 2.03 Å, assigned to a Pt-C bond, can be related either to the Pt-C distance (2.03 Å in the Chini clusters for the bridged CO, due to the carbonyl ligand or the bond with the support) or to the Pt-O distance (2.04 Å) that should be associated with an oxidation state of the Pt.
Effect of the Support. In Figure 7 , the moduli of FT of Pt n,CO (prepared at 2 and 3 × 10 -3 M) deposited on alumina are plotted. The sample [Pt 3 (CO) 6 ] 6 2-on R-alumina is constituted partly of Pt triangular units of the precursor, probably in a planar structure, and also of larger particles with the Pt-Pt bulk distances. The CO ligands remain in part. Table 6 shows that the Pt n,CO clusters grow on the alumina support to form small Pt particles: fcc Pt-Pt bonds are found with low metal coordination. Nevertheless, some triangular units (with the Pt-Pt intratriangular distances ) 2.60 Å) still remain. The distance of 2.03 Å is related to the Pt-C bond due to the carbonyl ligand or to the Pt-O distance.
These different sets of results show the possibility to discriminate the structures of carbonyl Pt clusters obtained through radiolytic synthesis and deposited on carbon or Ralumina supports. In fact, at least two groups of Pt entities are generated, and their structural features as well as their contribution change with the preparation conditions and the support. The first group is still close to the clusters in solution. More particularly in the case of the carbon-deposited Chini clusters, this group is composed of triangular units ligated to CO ligands. The EXAFS analysis points out these phases through their specific values associated with the intra-and intertriangular PtPt atomic distances equal to 2.60 and 3.00 Å, respectively. However, when supported, the triangular units can organize into a planar stucture, distorting the bonds between the triangles. The second group is constituted of small clusters with fcc structure for which the intermetallic Pt-Pt distance is close to the bulk one.
Conclusion
We have studied by XAS the structure of the different Pt carbonyl clusters supported on carbon and R-alumina that were previously found catalytically efficient in fuel cell reactions. 19 From EXAFS at the Pt L III edge, it was found that the Pt carbonyl clusters undergo more or less strong deformation when deposited onto the support. On carbon support, some of the carbonyl groups still remain to be ligated to Pt, but the intertriangular Pt-Pt bond is lost. No significant difference was found in the FT modules for the Chini precursors [Pt 3 (CO) 6 ] n 2-(n ) 4, 5, 6) once deposited on the carbon support, and a planar structure such as suggested by the four neighbor Pt atoms in the coordination shell. In air, part of the deposited clusters are transformed into small fcc clusters for which the intermetallic Pt-Pt distance is close to the bulk one. Nevertheless, this transformation is more important for [Pt 3 (CO) 6 ] 5 2-and [Pt 3 (CO) 6 ] 6 2-than for the deposited [Pt 3 (CO) 6 ] 4 2-clusters. For Pt n,CO clusters prepared at higher Pt concentration and deposited on carbon, a residue of the initial Chini stucture is still present among other clusters of fcc stucture. On R-alumina support, the structural change is more important. The formation of larger fcc Pt clusters are obvious from FT moduli.
